INTRODUCTION
The Oso Landslide occurred on 22 March 2014, Washington, USA. Almost 8 millions of m 3 of mud and debris flow travelled approximately 1 km and spread out all over the valley of North Fork of the Stillaguamish River covering a small neighbourhood. Although it occurred on a sunny day, the event was preceded by a three-week period of wet weather. With 43 casualties, this is one of the worst landslide catastrophes in US history. Before 2014, smaller parts of the same slope had failed on several occasions. Those movements showed a retrogressive behaviour although none of them exhibited extremely long runouts. The most recent landslide was in 2006, known as "Hazel Landslide", which partially blocked the river located at the toe of the slope with debris material.
Field observations taken immediately after the Oso Landslide by the US National Science Foundation (NSF)-sponsored Geotechnical Extreme Events Reconnaissance (GEER) Association team (Keaton et al., 2014) support that the main event occurred essentially in two primary stages. Later in-depth studies by Pyles et al. (2016) shed additional insights. Stage 1 was interpreted as the remobilisation of the previous Hazel Landslide (referred in Fig. 1a as M1 and Debris mass units) and part of the mid-slope bench (M2 mass unit), which slid over an ancient failure surface. This material mobilised as a debris flow travelled rapidly across the valley causing most of the destruction. In Stage 2, a new rotational failure occurred forming a large scarp 90 m horizontally deeper in the slope. This second landslide (M3 mass unit) collided with the first one before coming to rest. The interpretations of seismic signals (Hibert et al., 2014; Iverson et al., 2015) exhibit that the estimated duration of the main event was nearly 100 s and the peak velocity was 19 m/s.
Although primary causes of the Oso Landslide are still unclear, there are several hypotheses that could explain the long runout of the materials mobilized in Stage 1 (Keaton et al., 2014) . These are a) the static liquefaction of the Debris deposits at the toe of the slope, b) the decrease of debris material strength due to the mixing with river water, and c) the fact that the mobilized materials in this case where higher on the slope, among others. The objectives of this work are to ascertain if the MPM can capture the runout distance travelled by the Oso Landslide, to investigate the effect of Stage 2 on the final runout, and to evaluate if liquefaction/softening of the 2006 Debris field and fluidization due to mixing with the river water significantly affected the behaviour of the landslide
METHODOLOGY
The MPM is a particle-based continuum method that was developed to simulate large deformations in history-dependent materials (Sulsky et al. 1994) . It combines the advantages of Eulerian (i.e., fixed finite element grid) and Lagrangian (i.e., moving material points) approaches. Each material point represents and moves attached to a portion of the material while main governing equations are solved at a computational fixed mesh. Thus, mesh distortion problems, which are typically a major shortcoming in the use of conventional finite element methods, are eliminated. During the last decade, MPM has been used to analyse a number of landslides and slopes (Andersen & Andersen, 2010; Yerro et al., 2015; Soga et al., 2015; Yerro et al., 2016) .
In this study, a series of plane strain analyses of a centred representative section is conducted using Anura3D (MPM software developed by the MPM Research Community). The advantages of performing plane strain analysis is that the computational cost is much lower than in 3D simulations. In this way, parametric analysis can be performed efficiently to gain a better understanding of the behaviour of the landslides.
NUMERICAL MODEL
The computational mesh of the plane strain Oso Landslide model is formed by linear tetrahedral elements. The thickness is one element and out-of-plane deformation is restricted to ensure plane strain conditions. The mesh is refined in the region where the mobilized mass will move to optimize the computational time and to obtain more accurate results. The minimum edge of the elements is 3 m. Initially, four material points are distributed within each element. Figure  1a shows the slope and material units.
The topography of the site is based on Lidar data sets of before and after failure. The stratigraphy (Fig. 1a) , the surfaces of rupture geometry, and the engineering properties of materials involved in the landslide are estimated based on field and laboratory data Pyles et al., 2016) . M1 and M2 are placed above the ancient landslide slip-surface identified during site investigation. M1 moved during the previous landslide that occurred in 2006, whereas M2 did not. M3 is placed above the new slip-line generated by the Oso Landslide, which was determined from the site investigation and separate slope stability analysis. Undrained total stress analysis is performed, because the runout of the Oso Landslide occurred rapidly, and the constitutive model considered for all materials is the Tresca model.
The stresses are initialized under the condition of elastic gravity loading and the instability is triggered in two stages. In Stage 1, the undrained shear strength (cu) of M1, M2 is set to 50 kPa, Debris is assumed liquefied (cu=2 kPa), and the stability of M3 is maintained (cu=500 kPa). After 25 seconds, Stage 2 is initiated by setting cu of M3 equal to 250 kPa. The fluidisation effect of M1 and M2 due to the water supply from the river is considered by reducing their cu to 5 and 10 kPa respectively when the material moves beyond the river location (indicated in Fig. 1b) . The saturated unit weight of M1, M2, and Debris materials is 18.05 kN/m 3 , whereas that of M3 is 19.62 kN/m 3 . The model is designed so that the mobilised material can slide over a fixed predefined contact surface that is divided into different sections to simulate changes in lithology and surface type. Different undrained shear strengths are assigned to each section. Figure 2 shows the runout behaviour at different times of the Oso Landslide model. It can be seen that the leading edge of the landslide crosses the North Fork of the Stillaguamish River before Stage 2 is initiated (t=25 s). M1 and part of M2 move on top of the softened Debris unit and travel rapidly across the floodplain. After Stage 2 initiation, M1 and M2 are pushed by M3 and the runout distances increase. Finally, the computed runout distances of the different material units are similar to those observed in the field (indicated in Fig. 2, t=100s) . The duration of the whole event also coincides with interpretations of seismic records.
RESULTS
In addition, a parametric analysis was performed, and the following findings were observed: a) if the fluidisation effect from the river water to M1 and M2 is not considered (keeping the rest of the parameters the same) the final runout is similar; b) if the Debris material is not liquefied (cu =50 kPa) but the fluidisation effect is considered, the final runout decreases slightly; c) if neither liquefaction nor fluidisation effects are considered, the runout is reduced considerably; and d) if M3 remains stable the movement of M2 is considerably more limited and final runout decreases slightly. In all cases, the leading edge of the landslide extends beyond the North Fork of the Stillaguamish River.
